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Abstract
Toray Advanced Composites is interested in improving their carbon fiber reinforced polymers
(CFRP) manufacturing process by enhancing their control on the amount of surface roughness
for varied customer preference. Surface roughness of CFRP is important in post-production
processes including coating, priming, and painting. This project seeks to determine the effects of
three release materials and two temperature ramp rates on the surface finish of CFRP. The
release materials used were Tooltech, FEP, and Frekote 770-NC. The two initial temperature
ramp rates were 1°F/min and 2°F/min. Surface roughness was measured using a profilometer and
analyzed using Ra values. Ra is an average of the absolute value of profile height deviations
from a reference line. A larger Ra value corresponds to a rougher surface. The Ra values
calculated for the samples and tool plate were compared to describe their surface roughnesses.
The tool plate’s average Ra was 0.604 microns. In cure cycle 1 (CC1), Tool Tech, FEP, and
Frekote’s average Ra values were: 2.93, 1.17, and 11.50 microns. Cure cycle 2 (CC2) had
average Ra values of 2.89, 5.56, and 20.94 microns, respectively. After ANOVA analysis, it was
found that only FEP samples possessed a smoother surface finish with a slower temperature
ramp rate, while Tooltech nor Frekote saw no statistically significant change. FEP produced the
smoothest surface finish in CC1 with an average Ra value of 1.174µm. Tooltech produced the
smoothest surface finish in CC2 with an average Ra value of 2.889µm. Frekote 700-NC
produced the roughest surface finish in both CC1 and CC2, having average Ra values of
11.506µm and 20.944µm respectively.

Key Words: surface roughness (Ra), release materials, temperature ramp rate, surface finish,
Materials Engineering, and tool plate
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Introduction
Carbon fiber composites are one of the newest additions to the field of material
engineering; it was not until the late 1960s that the material was used for commercial
applications.1 Carbon fiber composites are composed of a carbon fiber fabric and a polymer
matrix. 80% of the time, this polymer matrix is a thermoset such as an epoxy or a polyester. 2 In
this case, the polymer matrix is often referred to as a resin system. The most significant property
of carbon fiber composites is their high strength to weight ratio.3 However, they also offer a wide
range of other advantages. They are corrosion resistant, resistant to high temperatures, good
thermal conductors, and are self-lubricating.3 One of the drawbacks of carbon fiber composites is
their high cost.4 Still, this material proves to be a valuable addition to many industries where
optimized performance per weight is required. The aerospace, automobile, and sports industries
are just a few industries where this material is highly valued, examples of which are shown in
Figure 1.

Figure 1. Examples of carbon fiber composite components in aerospace, automobile, and sports industries. 5,6,7

The surface finish of carbon fiber composites is often overlooked in the manufacturing
process. This is because post processing steps like sanding and filling can be used to achieve the
desired surface finish quality.4 However, these steps increase the manufacturing cost and are
therefore discouraged.4 A poor quality surface finish typically does not degrade a component’s
7

mechanical properties, but it degrades the aesthetic quality of the part.8 Occasionally, a rough
surface finish is desired, but often, rough surface finishes must be remedied. It is best to design
the manufacturing processes in a way that produces the most optimal surface for a particular
application, as to reduce post-processing costs. More understanding about the factors affecting
the surface finish of carbon fiber composites during the manufacturing stage would aid in
reducing the cost of this material and the time needed to acquire acceptable quality surface
finishes.
Toray Advanced Composites (TAC) is an industry leader in carbon fiber composites for
aerospace, automotive, consumer, and industrial markets. Having roots in the Netherlands since
1972, formally as TenCate Advanced Composites, Toray has always embodied a philosophy of
long-term customer satisfaction.9 Toray fabricates many of their carbon fiber prepregs in-house,
separating themselves from competition.10 This allows TAC to maintain higher quality assurance
and advantageous transition between raw material and final products. A point of interest for
Toray, and a relatively novel area of research, is investigating the factors that affect the surface
finish of carbon fiber composites during the curing process. In keeping with their philosophy,
they aim to achieve the best surface finish for every application. As their customer base sports a
diversity of needs, Toray values delivering the best possible solutions for them.

Background
I. Aspects of Carbon Fiber Composites Manufacturing
Carbon fiber composites manufacturing traditionally involves curing in an autoclave. The
autoclave method entails stacking sheets of prepreg, carbon fiber fabric impregnated with
partially cured polymer matrix, on top of a mold, also known as a tool, to form a laminate. The
laminate is then enclosed in a vacuum bag and placed into an autoclave, where it is cured under
high temperatures and pressure. Curing refers to the strengthening of the polymer matrix as a
result of cross-linking between polymer chains. The autoclave method is able to produce voidfree components as high pressures cause resin to flow into voids present in prepreg. Porosity, the
presence of voids, is a microstructural defect that causes the surface roughness to increase,
affecting the surface finish, on carbon fiber composite laminates.11
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Although the traditional method of cure, autoclave curing is costly and inflexible.
Autoclaves are a large capital investment and impose size constraints to component designs.
Components cured in an autoclave must be smaller than the autoclave itself. Furthermore, it is
time and cost inefficient to use a large autoclave to cure a component that is small in comparison.
Recent innovation allowing autoclave-quality components to be produced through more costeffective out-of-autoclave methods caused an increase in the popularity of out-of-autoclave
curing methods such as vacuum bag only curing.12
Vacuum bag only curing entails a laminate formation and vacuum bag enclosure process,
similar to the autoclave method. However, rather than curing in an autoclave, the laminate is
cured in a conventional oven at ambient pressure. Because pressures, as well as temperatures, in
a conventional oven are lower than in an autoclave, vacuum bag only curing cannot rely on high
pressures to produce void-free components. Vacuum bag only curing relies on the mechanisms
of air evacuation and resin flow to produce a void-free component.12 To encourage these
mechanisms to work, out-of-autoclave prepreg is different than autoclave prepreg in that it
includes engineered vacuum channels (Figure 2).12 These are dry areas, where carbon fiber fabric
is not impregnated with partially cured polymer matrix, sandwiched between resin-rich areas,
where carbon fiber fabric is impregnated with partially cured polymer matrix. Autoclave prepreg
is entirely resin rich.

A

B

Figure 2. a) This figure depicts the cross-sectional structure of autoclave prepreg. b) This figure depicts the crosssectional structure of out-of-autoclave prepreg. Out-of-autoclave prepreg includes engineered vacuum channels, also
called evacuation channels, while autoclave prepreg does not. 13

Like the microstructure of prepreg, the composition of prepreg is a factor that would
affect surface finish of a manufactured composite component. Prepreg is composed of two parts:
a fabric and a polymer matrix. In the case of thermoset carbon fiber composites, the fabric is
specifically a carbon fiber fabric, and the polymer matrix is a thermoset. Carbon fiber fabric can
be either unidirectional or various types of weaves. The three main categories of carbon fiber
weaves are plain weave, twill weave, and harness satin weave. Components manufactured using
9

unidirectional carbon fiber fabric often have lower void content than components manufactured
using woven fabric.8 This is due to the more uniform surface of unidirectional fabric, compared
to woven fabric. Toray Advanced Composites is interested in the surface finish of components
manufactured using plain weave carbon fiber fabric and has traditionally worked with thermoset
resin systems such as the epoxy BT250E-6.
Before curing the prepreg, a laminate must be layered on top of a tool. Toray Advanced
Composites is interested in testing 4-ply laminates, meaning that the laminate is composed of
four layers of prepreg, that have been cured on top of an aluminum tool. Typically, there is a
release material placed between the tool and the laminate (Figure 3). This release material is
usually a film or spray which ensures that the laminate can be properly removed from the tool
after curing. Being directly in contact with the laminate, release materials have the capability of
giving either high- or low-quality surface finishes on carbon fiber components.14 More on release
materials will be covered in the release materials section.

Figure 3. Before curing, the process of vacuum bag only curing consists primarily of layering materials on top of a
tool. A few of these layers consist of the release material, or the release agent, and the laminate, or the prepreg stack.
There will be four layers of prepreg in the prepreg stack of a four-ply laminate. 15

After the laminate is formed and placed on top of a layer of release material and a tool, it
is enclosed in a vacuum bag and cured in a convection oven. The temperature, pressure, and
temperature ramp rates used during curing can vary depending on the polymer matrix present.
Typically, the temperatures used are calculated optimum values for each polymer matrix.
However, there is some flexibility in what pressures and ramp rates can be used. Because the
10

temperature ramp rate affects the rate of polymer cross-linking and therefore the time window
for void removal through resin flow, changes in the ramp rate have the largest impact on surface
finish during curing.16 More on the effect of ramp rates on the surface finish of carbon fiber
composite components will be discussed in the ramp rates section.
II. Release Materials
The release materials TAC is researching are in the form of a film or coating. Films such
as Tedlar, fluorinated ethylene propylene (FEP), TX-1040, and Tooltech are simple to use, but
they are not permanent release solutions. Coatings like Frekote 700-NC, Frekote 770-NC,
Chemlease 1034W, Chemlease 1070W, and GlassWax can be directly applied to a tool for easier
use in larger productions. However, not all these candidates are suitable for the application of
thermoset curing cycles. Many of these polymers have working temperatures below the curing
temperature of BT250E-6, 127°C. Materials found to be compatible with the cure cycle of
BT250E-6 are Tooltech, Frekote 700-NC, and FEP.
Tooltech
Tooltech is a non-porous Teflon coated glass fabric. The porous variant of this film is
widely used in composite manufacturing as a release material. Also called the peel ply layer, this
film is placed on top of the prepreg during cures and resin infusion processes to allow the
passage of air and excess resin while preventing adhesion between the composite part and the
breather or other layers.17 While this material is extremely common in composite
manufacturing, there is little literature describing its effects on the surface finish of cured
composite parts.
To make non-porous Teflon coated glass fabric, thin strands of glass are extruded into
thin fibers. These fibers and woven into a tight network and coated with Teflon.18 The fibers
form a flexible and thin film while the Teflon provides advantageous release properties. Teflon,
the common brand name – now synonymous – for polytetrafluoroethylene (PTFE) is a highly
inert and thermally stable polymer that resists degradation from acids, bases, and solvents.19
When incorporated into films, Teflon aids the film in resisting adhesion to other materials.
While the strength of this glass film is low compared to other materials, the films in this
project will not undergo any mechanical loading. The most important properties for a release
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material in this application are smoothness, inert behavior, and working temperature range.
Tooltech has a thickness of 0.075mm, has a maximum working temperature of 288°C, is highly
flexible, has low shrinkage in high heat environments, and is relatively inexpensive.20 Because
they experience low wear in high heat environments, samples of Tooltech can be reused multiple
times to reduce consumption costs.
Frekote 700-NC
Frekote 700-NC by Loctite is an all-purpose solution in order to achieve excellent
resistance to adhesion to most molded polymers.21 The product is a clear liquid that can be
painted or sprayed directly onto a mold or tool. After the application of multiple coats, the
product must cure at room temperature, requiring a total application time of around 30 minutes.21
Once the product cures, it can be used as a semi-permanent solution for prohibiting prepreg from
sticking to an aluminum tool during curing cycles.
It is important to understand the notable advantages and disadvantages of using Frekote
700-NC. The benefits of using this material include an application temperature of 135°C, which
is greater than the curing temperature of the composite samples.21 Also, since this product is
adhered to the tool itself, no work is required between curing cycles, proving valuable in high
volume production. The disadvantages however come two-fold; the application/touch-up and
variability of smoothness. The initial application and cure are not immediate and add preliminary
steps to the manufacturing of carbon fiber components. Depending on the resulting surface
finish, however, this might be an advantageous compromise. After long use, the coating will
wear down, but additional coats can be applied using the same initial method.21 Another potential
downside might be seen when painting this coating rather than spraying. Painting this coating
manually can introduce slight variations in the coating surface, which translate directly into the
composite part. Spray coating results in a much smoother and even coverage of the tool, and is
an advantageous characteristic of a release material.
FEP
FEP film aims to be a material with clean, reusable release properties. Developed by
Chemours, FEP film is a transparent, lightweight, highly inert, and inexpensive.22 It can be made
into thicknesses between 0.0127mm and 0.508mm and has a continuous service temperature
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range of 205 to 240°C.23 The thermoplastic FEP is well known for its impressive chemical
resistive properties, so this film will be a good contender for achieving a high-quality surface
finish on composite parts. Like the non-porous Teflon coated glass fabric film, Teflon FEP film
decreases consumption costs because its high working temperature allows its reuse for several
curing cycles.
III. Temperature Ramp Rates
In epoxy-resin composite systems, the flow rate of resin into the carbon fibers is
dependent on the ramp rate used. The ramp rate is defined to be the incremental change of
degrees Celsius per minute (°C/min).24 Low ramp rates have a range of 1-10 °C/min and high
ramp rates are classified to be greater than 10°C/min. Researchers have determined that higher
ramp rates in epoxy-resin systems causes the resin system to reach a lower minimum viscosity
value.25 If the resin is handled properly with the application of pressure in this processing
window, the voids trapped in the composite structure will be removed.26 At higher ramp rates,
consequently there is less time for the resin to react and increase its molecular weight before
reaching the minimum viscosity point.25 At lower ramp rates, the resin is allowed more time to
increase its molecular weight however the minimum viscosity achieved will be higher than the
minimum viscosity achieved at high ramps.25 It should be noted that neither high nor low ramp
rates are universally better options for resin systems. The heating rate used is dependent on the
specific type of resin used and the reactivity rates for the resin should be analyzed. Frequently
used industry ramp rates for epoxy resin systems will be discussed and how these rates affect the
resin infiltration of the composite system which determines the surface finish.
1°C/min
Researchers in a study used different ramp rates on an epoxy resin system to analyze how
temperature affects how the epoxy reacts.27 The researchers conducted these test on an epoxy
resin called DGEBA-44DDS. The resin system undergoes two steps of reactions to form its
cross-linked structure. In the first step, primary amine functional groups react with an epoxide
group. In the second step, the previously formed structure reacts again with another epoxide
group to become a cross-linked structure.27 This occurs because the reactivity ratio of primary
amines is higher than the reactivity rate for secondary amines. The reactivity rate for this reaction
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is highly affected by varying ramp rates.27 At low ramp rates the reactivity of these amines is not
changed, however at higher ramp rates, the reactivity ratio of the secondary amine increases.27
This results in the secondary amines reacting prematurely with the epoxide group which results
in a low degree of cross-linking and overall quality of the composite part. Figure 4 shows the
consumption of epoxy monomers during the 1°C/min ramp rate.

Figure 4: Near Infrared Spectroscopy graph of DGEBA-44DDS cure using 1°C/min. The red line shows the
epoxide monomer, which is the state that it is in when it is applied. It takes around 100 minutes for it to start reacting
to become a secondary amine, and then a teriary amine.27

At low ramp rates such as 1°C/min, the resin has an increased time window to flow into the
carbon fibers as well as react to form a higher degree of cross-linking.27 It is observed that the
resin system began its two-step cross-linking reaction at lower temperatures and preserved the
reactivity ratios of the primary and secondary amines. This ramp rate is advantageous for this
system because it had a higher conversion rate or degree of cure for the sample.27 The resin also
uniformly distributed into the fiber tows and a low value of micro-voids or surface defects were
detected.
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5°C/min
As stated earlier a higher ramp rate results in a lower minimum resin viscosity and is held
for a longer period of time. The 5°C/min rate has an efficient resin impregnation which results in
the removal of voids within the carbon fibers. For the DGEBA-44DDS epoxy resin system, the
5°C/min significantly affects the reactivity ratios of the primary and secondary ratio.27 The
consumption of the amines are recorded in moles per liter which is the y-axis of Figure 5. The
maximum consumption of the secondary amine is 1.137 mol/L and the epoxide is fully
consumed after around 48 minutes. For the 1°C/min, the maximum peak consumption for the
secondary amine is 1.366 mol/L and epoxide is roughly used up when 150 minutes have
passed.27 In Figure 5, the consumption of epoxy monomers are shown for the 5°C/min rate.

Figure 5. Near Infrared Spectroscopy graph of DGEBA-44DDS cure using 5°C/min. The epoxide (red line) is
consumed before 50 minutes, which is faster than 1°C/min. The secondary and tertiary amines increase in
consumption before 75 minutes. 27

Researchers have concluded that using a higher process ramp rate in the out of autoclave
technique can facilitate void removal. This is done by maintaining pressure at the point of
minimum viscosity to ensure that the resin has infiltrated all of the regions within the fibers.
Resin infiltration is important when optimizing the surface finish of carbon fiber composites.
When using higher ramp rates, the reactivity ratios and monomer consumption of the resin
system rapidly increase which decreases the time it takes to fully react.
15

Ramp Rates for BT250E-6 Epoxy Resin
The ramp rates range for the BT250E-6 epoxy resin is 2-5°F/min.28 The use of a 2ºF/min
ramp rate may result in a different surface finish on a carbon fiber composite component than the
use of a 5ºF/min. On the product safety sheet, it is stated that this range yields an outstanding
surface finish. It is not stated which of these ramp rates yields the best surface finish. The
2ºF/min ramp rate may allow the resin more time to infiltrate the carbon fibers and result in a
lower porosity.28 The 5ºF/min ramp rate could lower the minimum viscosity achieved by the
resin and result in a high-quality surface finish. The results of these ramp rates can be compared
to analyze if ramp rates affect the surface finish of a carbon fiber composite. Exploring the
effects of using a temperature ramp up rate slower than the recommended, such as 1ºF/min,
would also be worthwhile.

IV. Methods to Characterizing Surface Finish
Several material characterization techniques can be used to quantitatively characterize the
surface finish of carbon fiber composite components. These techniques typically collect
numerical data regarding aspects of surface finish such as surface roughness or surface tension.
Examples include the bidirectional reflectance distribution function (BRDF), ImageJ, C-scans,
the profilometer, and the goniometer.
Profilometer
The profilometer is commonly used to quantitatively characterize the surface finish of
carbon fiber composite components by providing values for surface roughness. There are two
types of profilometers: the stylus profilometer and the optical profilometer (Figure 6). The stylus
profilometer works by moving a probe across the material surface, measuring surface height. The
optical profilometer uses light to reconstruct a 3D model of surface roughness. A study in 2010
used a stylus profilometer to measure the surface roughness of carbon fiber composites. This
study did not report their raw surface roughness data values so a range for expected surface
roughness values could not be determined. However, the study does give a detailed method for
measuring surface roughness, an aspect of surface finish, with a stylus profilometer. Surface
roughness measurements were taken at three random locations on each sample’s surface. The
16

surface roughness measurements taken were then analyzed with ANOVA, a data analysis tool.4
A more recent study in 2018 used a 3D contact optical profilometer to assess the surface finish of
resin composites.29 Values for surface roughness, depicted in Table I, were collected with the 3D
contact optical profilometer on the micrometer scale. These values were then analyzed with
ANOVA. The two studies show that both the stylus and optical profilometer are commonly used
to quantitatively characterize the surface finish of carbon fiber composite components.
Additionally, ANOVA is commonly used to analyze the data collected by the profilometers.

A

B

Figure 6. a) This is a schematic of a stylus profilometer. The stylus tip is equipped with a laser that can measure the
height deviations of a surface. b) A schematic of an optical profilometer is shown.30

Table I: Mean surface roughness measurements for two composites treated with different finish and polishing
systems 29
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V. Summary
Review of current literature has found vacuum bag only curing to be a method of curing
carbon fiber composites that rivals the capabilities of autoclave curing while being more costefficient. During the vacuum bag only curing process, several factors can affect the surface finish
of the carbon fiber composite component produced. Of these factors, the choice of release
material has the most flexibility. There is a wide variety of options when choosing a release
material. Release materials make direct contact with the laminate, allowing for them to make a
significant impact on the surface finish of the cured laminate. Temperature ramp rate also has a
significant impact on the surface finish of out-of-autoclave cured carbon fiber composite
components. High ramp rates result in a lower minimum resin viscosity, which can aid in
reducing the presence of voids. Low ramp rates allow for a larger window for resin flow which
also reduces the presence of voids. A reduction of voids contributes to improving the surface
finish. Although factors which affect the surface finish of carbon fiber composite components are
known, there is not much literature detailing how these factors affect the surface finish in a
quantitative manner.
Problem Statement
The current technical challenge is to quantitatively characterize how factors present in the
manufacturing process of carbon fiber composites affect the surface finish of this material.
Available literature shows that the use of different release materials and temperature ramp rates
during manufacturing can alter the surface finish of composite components with thermoset resin
matrices, like BT250E-6, however they lack in quantitative evidence. To address this problem,
the proposed project will observe the effect three different release materials and two different
ramp rates have on the surface finish of a plain weave, 4-ply, carbon fiber composite panel with
a thermoset epoxy resin system (BT250E-6) produced on an aluminum tool using a vacuum bag
only cure. The goal of this project is to characterize surface roughness on composite panels
manufactured using release materials Tooltech, Frekote 700-NC, and FEP and ramp rates
1ºF/min and 2ºF/min. Testing methods and analysis techniques to achieve this goal include using
a profilometer to measure surface roughness and using ANOVA to analyze the collected data.
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Experimental Procedure
The following experiment tested three different release materials and two ramp rates. The
set up for the experiment is shown in Figure 7.

Figure 7: The aluminum tool plate was divided into nine sections with Tooltech adhesive tape. Each section was
prepared with its designated release material. Numbered four ply laminate samples were then placed in the center of
each section.

The release materials were FEP, Tooltech, and Frekote 700-NC. The ramps rates were
1ºF/minute and 2ºF/minute. We selected a 27 x 24 inch aluminum tool plate and performed a
vacuum bag cure to manufacture 18 carbon fiber panels. The carbon fiber prepreg used were
BT250E-6 AS4C 3k PW, 195 gsm, 40% RC, 48. Thirty-six 6 x 6 inch pieces of carbon fiber
prepreg were cut to size, and four plies are stacked to make one panel. A total of nine 4-ply
carbon fiber panels were placed on the tool plate, and two repetitions of this process was done
for each ramp rate. There were three rows and three columns of panels on the tool plate with a
total of nine samples. A release material was laid out on each column of the tool plate. After the
release materials were applied, the vacuum bag was attached and sealed. Each ramp rate heated
up to a maximum temperature of 260ºF and was held for two hours. It was then cooled below
160ºF and the pressure was released. After receiving our cured carbon fiber panels, we cut them
with a wet saw to meet the minimum dimension requirements for the Profilometer. The wet saw
used was a GÖLZ TS250 Wet Saw and the surface of the panels were masked with tape to
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protect the surface. After sectioning the samples, they were cleaned and tested with the
Profilometer.
The model of the Profilometer used was an Ambios XP-1 Stylus Profilometer. The
parameters used when collecting data with the stylus profilometer was as follows: a speed of
0.10 mm/s, a sampling length of 5.000 mm, a range of 100 microns, a stylus force between
0.8mg and 1.0mg, and a filter level of 5. Five tests were done on each carbon fiber panel, which
resulted in five mean surface roughness values. Ten tests were done for panels that had large
amounts of pitting. Within the ten tests, five were done on areas with no pits (NP) and five were
done on areas with pits (WP). The aluminum tool plate used was cut into four squares by using a
water jet cutter. The surface of the tool plate was measured with a handheld Profilometer to get a
reference value of roughness for the carbon fiber panels. The model of the handheld profilometer
was a Mitutoyo Surftest SJ-201. On the Mitutoyo, an ISO standard was used with a transverse
speed of 0.5 mm/s, a cut off length of 2.5 mm and a sampling length of x3. The measurements
were taken in µm. We measured the inner sides of the four squares of aluminum and took a total
of 24 test points.

Results Thermocouple Data Collection
A thermocouple attached to the surface of the tool plate measured temperature vs. time
data while the carbon fiber composites cured. Figure 7 depicts thermocouple data collected for
Cure Cycle 1. This thermocouple data allows for verification that Cure Cycle 1 occurred as
expected. A temperature ramp up rate of approximately 1ºF/min was observed in Figure 7. In
Figure 8, thermocouple data collected for Cure Cycle 2 is shown. During this cure cycle, the
thermocouple’s battery was unable to last until the cycle ended. This resulted in abnormal data
past the 22:00:00 time stamp. What can be collected from Figure 8, however, is verification that
Cure Cycle 2 experienced a temperature ramp up rate of approximately 2ºF/min.
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Figure 8: A plot of the temperature versus time was taken from the thermocouple data for Cure Cycle 1.

Figure 9. Thermocouple data for Cure Cycle 2; the thermocouple used failed midway through the cure cycle.
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Profilometer Data Collection
The stylus profilometer collected surface roughness data in the form of position (mm) vs.
height (nm) values. One plot was generated for each measurement taken using the stylus
profilometer. A list of the points shown on a plot could be extracted from the stylus profilometer
software. This list of points was used to calculate an Ra value for each measurement with
Equation 1.
Eq. 1: 𝑅𝑎 =

!

"

∫ |𝑓(𝑥)|𝑑𝑥
" #

In Equation 1, 𝑙 represents the length of the stylus profilometer’s scan and 𝑓(𝑥)
represents the height measurements as a function of position. Figure 9 depicts the relation
between the mathematical representation of Ra and a plot generated by the stylus profilometer.

Figure 10. Mathematical and graphical representation of Ra.

Surface Features and Trends
One of the most compelling findings of this project was the formation of different surface
features for each of the release materials. For each release material, the epoxy resin cured with a
topography on the side where the carbon fiber sample was in contact – face down in the layup. In
no case did the carbon fibers differ in their alignment between any sample. These surface
features could be observed with the naked eye but were defined in more detail by utilizing
profilometry. Samples cured with Tooltech samples possessed a uniform textured surface that
mirrored the surface of Tooltech itself. FEP samples in CC1 had no discernable features, but the
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CC2 samples had distinct grooves along the seams of the carbon fiber tows. Samples cured with
Frekote developed pencil tip-sized pits that formed at the corners of the carbon fiber tows. Figure
11 shows the different features observed for each release material and cure cycle.

A

B

C

E

F

10 mm
(0.39 in)

D

Figure 11. 6 carbon fiber panel images A) Tooltech CC1, B) FEP CC1, C) Frekote CC1, D) Tooltech CC2, E) FEP
CC2, F) Frekote CC2.

It was noted that the faster, 2°F/min, ramp rate resulted in more exaggerated features for
the FEP and Frekote samples. However, statistical analysis would determine how empirically
significant these differences were.
Another interesting observation was found between the three FEP CC2 samples. While
they all had grooves, there seemed to be a gradient related to the prevalence of the grooves. In
one sample, the grooves only appeared in one direction across the surface of the sample. The
second sample had clear grooves in one direction and partial grooves in the perpendicular
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direction . The last sample had clearly developed grooves in both directions across the face of the
sample’s surface.

For the nonuniform samples, separate data was collected to describe only the top surface
of the samples as well as data that included the surface artifacts of a given sample. For example,
Figure 12 shows data comparing the surface of a FEP CC2 sample without grooves and
including grooves.

Figure 12. A box plot of the height deviations for grooves and no grooves is shown. The values were recorded from
the Profilometer.

Only one sample of CC2 FEP could collect “No Grooves” data as the profilometer stylus
could be oriented to measure in between the parallel grooves. This was impossible with the other
two FEP CC2 samples. This data shows how there is a clear discrepancy between the two
features, demonstrating the surface is nonuniform. The same trend is shown in Figure 13. This
figure provides data on the Frekote CC1 and CC2 samples comparing the surface with and
without pitting. Again, the profilometer stylus was oriented to capture data in between pits for
“No Pits” and across them for “With Pits”.
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Figure 13. Spread of Ra values for Frekote samples with and without pits for both cure cycles.

While a distinction between including and excluding pits is evident, the difference
between the two cure cycles must be described using ANOVA analysis. The handheld
profilometer collected surface roughness data in the form of an Ra value. The tool plate surface
roughness data collected by the handheld profilometer was used a reference to which the carbon
fiber composite samples were compared. As the carbon fiber composite samples were cured on
the smooth aluminum tool plate, the tool plate’s surface finish was the smoothest possible
surface finish achievable by the samples. The spread in Ra values for the aluminum tool plate is
shown in Figure 13. The average Ra value for the tool plate was 0.6046 µm.
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Figure 14. A spread of Ra values for the aluminum tool plate. The average roughness is around 0.6 micrometer.
These measurements were taken using the profilometer.

The spread in Ra values for the six types of samples is compared to the spread in Ra
values for the aluminum tool plate in Figure 15. Looking at Figure 9, the following observations
can be concluded. The tool plate has a smoothest possible surface finish achievable by the carbon
fiber samples. In Cure Cycle 1, FEP produced the smoothest surface finish of the 3 types of
samples. In Cure Cycle 2, Tooltech produced the smoothest surface finish. Lastly, in both Cure
Cycle 1 and Cure Cycle 2, Frekote 700-NC produced the roughest surface finish. The average Ra
values for samples cured during Cure Cycle 1 were 2.93 µm for Tooltech, 1.17 µm for FEP, and
11.50 µm for Frekote 700-NC. For samples cured with Cure Cycle 2, the average Ra values were
2.89 µm for Tooltech, 5.56 µm for FEP, and 20.94 µm for Frekote 700-NC.
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Figure 15. Comparison of spread in Ra values for the aluminum tool plate and carbon fiber

composite samples.

To make further comparisons between the Ra values of the six sample types, ANOVA
analysis was used. Firstly, a two-way ANOVA with a 95% confidence interval was used to
access the effect of release materials on Ra values and the effect of temperature ramp rates on Ra
values. Table II summarizes the F-statistic values calculated for changes in the release material
and changes in the temperature ramp rate. These F-statistic values were compared to the p-value
of 0.05. In the table, F-statistic values less than 0.05 are in bold. An F-statistic value lower than
0.05, the p-value, indicates that there is a statistical difference in Ra values. From Table II, it can
be concluded that a change in the release material will cause a statistical difference in Ra values
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on carbon fiber composites. It can also be concluded that a change in the temperature ramp rate
will not necessarily correspond to a statistical difference in Ra values.
Table II: Two-Way ANOVA with 96% Confidence Interval
Variable

F-statistic

Release Material

0.000

Temperature Ramp Rate

0.0666

Conducting further ANOVA analysis using a one-way ANOVA with a 95% confidence
interval gives further insight on the effect changes in temperature ramp rate have on Ra. Table III
summarizes the F-statistic values for comparisons between data sets of samples cured using the
same release material but different cure cycles. F-statistics lower than 0.05, the p-value were
bolded. Using the values from Table III, it was concluded that when FEP is used and the
temperature ramp rate changes, there is a statistical difference in Ra. It was also concluded that
when Tooltech and Frekote are used and the temperature ramp rate changes from 1ºF/min to
2ºF/min, or vice versa, there is no statistical difference in Ra.

Table III: One-Way ANOVA with 95% Confidence Interval
Variable

F-statistic

Tooltech

0.8786

FEP

0.0008

Frekote

0.0513

Discussion
The effects of using different release materials and cure cycles in vacuum-bag-only
carbon fiber manufacturing are prominent, especially in the development of distinct surface
features such as grooves and pits. However, this specific area of study in the surface qualities of
carbon fiber are not widely found in literature. The team was not able to find relevant studies
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exploring the causes for release materials, notably FEP and Frekote, resulting in different surface
features. One reason could be the highly proprietary and privatized environment of carbon fiber
technology. Another could be that carbon fiber components are widely subjugated to post
processing treatments like buffing, polishing, coating, and painting. These steps may remedy
problems observed in this study, but it is arguably to the benefit of a manufacturer like Toray
Advanced Composites to reduce postproduction costs by understanding the curing process.
Therefore, a background in curing kinetics is vital.
In epoxy-resin composite systems, the flow rate of resin into the carbon fibers is
dependent on the ramp rate used. The heating rate used is also dependent on the specific type of
resin used and the reactivity rates for the resin should be analyzed. Low ramp rates have a range
of 1-10 °F/min and high ramp rates are classified to be greater than 10°F/min. At a critical ramp
rate, the resin reaches a minimum viscosity value, which is a processing window where the resin
can fully integrate into the carbon fiber tows. At higher ramp rates, there is less time for the resin
to flow once it reaches the minimum viscosity point.25 After this point, the viscosity sharply
increases and the resin hardens. At lower ramp rates, the resin is allowed more time to increase
its molecular weight however the minimum viscosity achieved will be higher than the minimum
viscosity achieved at high ramps.25
Using their understanding of curing kinetics, the team hypothesized the causes of the
different surface features relative to the release material used. Tooltech, being a fabric of woven
glass fibers possesses a texture resembling burlap canvas. This texture was imprinted into the
resin during both cure cycles and seen in all the Tooltech samples. For grooves and pits, their
location at the seams and corners of the carbon fiber tows respectively hints at a possible reason
for their existence. These seams and corners represent the lowest points in the topography of the
carbon fiber fabric. It may be that these locations offer a nucleation site for resin to infiltrate
unevenly. Since FEP and Frekote offer no space for resin to settle, like the textured surface of
Tooltech, this may indicate why grooves and pits formed. Compared to Frekote, FEP is a thin
film that offers almost no resistance in its through-plane direction, allowing more uneven resin
infiltration. This could be why grooves were seen compared to pits in FEP.
For the observed effect on the CC2 FEP samples, the team hypothesizes this was due to
the proximity of a given sample relative to the vacuum nozzle. Close to the nozzle, the vacuum
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pressure is largely experienced in one direction. Further away, the vacuum pressure is more
evenly distributed. This is analogous to a magnetic field, where close to the source the field lines
are parallel and further away, they are spread out. Figure 16 shows the vacuum bag with the
nozzle fixed on one side.

Figure 16. Vacuum bag layup with vacuum nozzle attached on the right side.

Controlling the surface finish of carbon fiber composites is important when designing
products to meet customers expectation. The applications for carbon fibers varies on the type of
surface finish on the designed part. A textured surface has a rough and low gloss surface and is
used to ideally bond to other substrates. A high gloss surface has a smooth and high gloss surface
and is often used for expensive quality products. To be able to manufacture these finishes, the
proper release material and ramp rate must be used. The relationship between ramp rate and
release material in an important factor to consider when designing a specific surface finish of a
carbon fiber composite. Current literature shows that high and low ramp rates can be used
efficiently with certain resin systems and release materials. Research also proves that the surface
features can vary if an incompatible ramp rate is used. In conclusion for carbon fiber
manufacturers, choosing the ideal ramp rate for each release material is key to control the surface
features of carbon fiber composites. Further work for this project can create panels using the
autoclave method as well as test more ramp rates.
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Conclusions
1. When FEP is used, the Two-Way ANOVA shows that ramp rate affects the surface
roughness. A slower temperature ramp rate will result in a smoother surface finish while
a faster temperature ramp rate will result in a rougher surface finish.
2. When Tooltech or Frekote 700-NC is used, a 1ºF/min and a 2ºF/min temperature rate will
result in similar surface finishes.
3. In Cure Cycle 1, FEP produced the smoothest surface finish with an average Ra value of
1.174 µm.
4. In Cure Cycle 2, Tooltech produced the smoothest surface finish with an average Ra
value of 2.889 µm.
5. In Cure Cycle 1 and Cure Cycle 2, Frekote 700-NC produced the roughest surface finish.
Frekote 700-NC produced a surface finish with an average Ra value of 11.506 µm in
Cure Cycle 1 and an average Ra value of 20.944µm in Cure Cycle 2.

Recommendations
1. Conduct a similar study using different release materials and resin systems.
2. The same type of sample will have a slightly different surface finish depending on its
distance from the vacuum pump when curing. Further research could be performed on
this gradient effect.
3. Conduct a similar study using an autoclave, rather than VBO.
4. Conduct further research on which Ra values are best suited for different applications in
industry.
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